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Demonstration of a Faraday Polarization Controller for PMD 
Mitigation and a Bragg-grating-based Fault Surveillance Scheme for 
Long-haul Transmission System 
SUN Po-wan 
In order to meet increasing demands for bandwidth accompanied with the 
accelerated growth of Internet data traffic, network operators have to adapt their 
infrastructure for transmission for higher and higher data rates over longer and longer 
distances. The best and most cost effective way to do that is the introduction of 
WDM-technique in the optical network. 
However, optical transmission is mainly influenced by attenuation, chromatic 
dispersion, non-linearities and polarization mode dispersion (PMD) of the fiber. 
Limitation on transmission distance imposed by attenuation has been easily 
, overcome by direct optical amplification using erbium-doped fiber amplifiers 
(EDFAs). The need for a broadband compensation of chromatic dispersion can be 
met through different techniques. O ne of the well-known techniques is the use of 
, dispersion compensating fibers (DCF). Unlike most impairments of fiber-optic 
‘ channel, P M D requires an adaptive compensation because of its inherent stochastic 
nature, which increases the difficulty to compensate for it. As it is necessary to 
measure the impairment caused by P M D in order to determine an appropriate extent 
of compensation to mitigate the P M D penalties immediately, quick response is 
ii 
essential to the effectiveness of P M D compensation. Although several approaches to 
overcome P M D effect were proposed and demonstrated, none of them have provided 
a design of P M D compensator with the features of low-cost, small size and fast 
response. In this thesis, we propose the design of an inexpensive, small and fast 
Faraday polarization controller (FPC) working with a polarizer for the purpose of 
P M D mitigation and demonstrate the functionality of that FPC. 
Apart from the need for proposing effective schemes to implement long-haul 
and high data rate optical transmission system, it is also necessary to develop in-
service surveillance system to guarantee the quality of service at low cost. Although 
several monitoring schemes were proposed, the scalability of the schemes has not 
been demonstrated. In the remaining part of this thesis, we propose and demonstrate 
a scalable fault surveillance scheme that can monitor the status of repeated stages of 
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1.1 Lightwave Transmission System 
Modem technologies such as high-definition television, high-resolution 
medical imaging, and internet services for multimedia demand for a lot of bandwidth. 
A trend requiring the modem technologies to be available all over the world is 
always present. This trend leads to delivering the bandwidth-demanding applications 
through a long-haul transmission system. It has been well known that optical fiber 
has the properties of huge bandwidth c apacity, 1 ow signal attenuation and perfect 
immunity to external electromagnetic interference. In order to better utilize the huge 
bandwidth c apacity of optical fiber, w avelength division multiplexing ( W D M ) has 
become a common technique. Those reasons have motivated network operators to 
build a high-speed W D M long-haul lightwave transmission link to meet the 
requirements on the future transmission system. 
1.2 PMD-induced Degradation in System Penalty 
Signal attenuation, chromatic dispersion and polarization mode dispersion 
(PMD) of optical fiber can reduce the maximum communication range and 
maximum data rate of optical transmission. The bandwidth-distance product of 
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optical fiber forced one to trade off data rate against communication range. With the 
advance of optical amplifiers, direct amplification of optical signal has essentially 
eliminated the transmission limitation imposed by fiber loss, therefore the 
communication range of the link can be increased without sacrificing data rate. In 
order to use W D M technique efficiently in a lightwave transmission system, the 
spectral broadening arose from chromatic dispersion in standard single-mode fibers 
was the next obstacle that should be eliminated. The use of dispersion compensating 
fiber (DCF) h as emerged as one of the most e ffective methods t o p rovide a high-
speed long-haul W D M transmission system with a broadband compensation of 
chromatic dispersion. Although standard single-mode fiber has a low P M D with 
average differential group delays of the order of 0.1 ps.km"®'^ , the adverse effect of 
P M D finally emerges when network operators have to adapt their infrastructure for 
transmission of higher and h igher data rate over longer and longer distances. The 
higher P M D of DCF introduces additional average differential group delays into a 
lightwave transmission system, making optical signals to experience a significant 
polarization dependent group delay. Thus the system is severely hindered from 
maintaining system performance level. This PMD-induced problem becomes worsen 
by some of the old fiber cables of the existing terrestrial networks, which 
intrinsically have large P M D effects with average DGDs of up to 2 ps.km"^ 5 
With an experimental setup using a data rate of lOGb/s pseudo random 
sequence of -1, Jopson et al. [1, 2] has demonstrated that a system P M D of about 
40ps together with a worst-case polarization input signal could induce a system 
penalty of about 1.5dB for return-to-zero (RZ) data, while for nonretum-to-zero 
(NRZ) data, the system penalty could be about 4dB. For a speed of 40Gb/s, the 
system P M D and the corresponding penalties are enlarged by four times. Therefore, 
2 
polarization mode dispersion (PMD) has emerged as a critical issue for the 
deployment of high bit-rate systems over the installed fiber infrastructure and it is 
essential to implement a compensation measure in a lightwave transmission system 
in order to maintain low system penalty at a very high data rate. 
1.3 A Device Mitigating Distortion Caused By Polarization-Mode 
Dispersion 
Unlike other impairments of optical fiber, P M D requires an adaptive 
compensation measure to handle it because it is a stochastic and dynamically 
changing process, and its chaotic behaviour can vary from fiber to fiber due to 
environmental influences, for example, changes in temperature and stress. It can 
theoretically provide an unlimited range of differential group delays. It is why P M D 
is difficult to compensate for. In reality, common P M D compensation measures can 
cover only a range of three to five multiples of the mean D G D although one expect 
the D G D values may vary widely over 10 to 100 times the mean DGD. P M D 
impairments are generally classified into first-order PMD, second-order P M D and 
high-order PMD. The largest distortion generally arises from first-order PMD. First-
order P M D produces a distortion in a way similar to that caused by simple 
birefringence. In other words, the distortion manifests itself as a simple rotation in 
Stokes space about the propagation axis from the input polarization state to the 
output polarization state. A signal launching on a principal state of a polarization 
maintaining (PM) fiber suffers no first-order P M D impairment but a signal launching 
equally in the two orthogonal principle states suffers the worst-case impairment 
caused by the first-order PMD. On the other hand, second-order and high-order 
PMDs cause the principle state polarizations and DGDs to vary with wavelength. 
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Instead of trying to investigate a technique that c an cover the theoretically 
unlimited range of D G D resulted from P M D or can resolve the problems of second-
order and high-order PMDs，I focus on making a novel device to mitigate signal 
distortion caused by first-order P M D . Having seen several approaches [3,4,5,6,7] to 
overcoming P M D effect, I find a need for a P M D compensator with the features of 
low-cost, small size and fast response. In the first portion of this thesis, I propose the 
design of an inexpensive, small and fast Faraday polarization controller, which forms 
the core component of a low-cost P M D compensation scheme, and demonstrate the 
functionality of the device. 
1.4 The Need For A Surveillance Scheme 
Another important research area for long-haul application is the performance 
monitoring (PM). A long-haul transmission system has many Erbium-doped fiber 
amplifiers (EDFAs) and fiber segments connected in series as shown in Figure 1.1. 
The performance of the system will degrade if any one of the system components 
fails. Several fault surveillance schemes have been proposed to monitor the health 
statuses of fiber links and in-line EDFAs along a lightwave transmission system. The 
schemes can facilitate fault management function by detecting and reporting any 
service outage on real-time basis, therefore remedial actions can be taken 
immediately to minimize data loss. Network operators would prefer surveillance 
scheme to be in-service and non-intrusive because interruption of data transmission 
service can be minimized. As common monitoring schemes require an additional 
light source to identify faults in a lightwave transmission system or have not been 
demonstrated to be scalable, the cost of implementing the schemes is usually high or 
the schemes are not appropriate for a long haul transmission system. A scheme that is 
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scalable and non-intrusive in nature without using an additional monitoring light 
source should be attractive. In the latter portion of this thesis, such an attractive 
scheme is proposed and demonstrated. 
Transmitter Receiver 
EDFAs 
Figure 1-1 Basic architecture of a long-haul transmission system. 
1.5 A Scalable Non-Intrusive Surveillance Scheme for Long-
Haul Transmission 
The scheme makes use of a residual unused amplified spontaneous emission 
(ASE) from optical amplifiers as the monitoring sources at the input of each 
amplifier. Fiber Bragg gratings (FBGs) of different centre wavelengths are placed at 
the input of the optical amplifier in each section. Within each section, small 
degradation in the gain of any in-line EDFA or a broken fiber segment introduces a 
power surge at the FBG wavelength of that, section. By measuring the wavelength 
and power level of the power surge, it is possible to identify the faulty section and 
differentiate between fiber cut and EDFA fault in the section. To avoid limiting the 
scalability of a scheme due to shortage of distinct FBG wavelengths or insufficient 
unused ASE spectrum, two separate bands (blue and red bands) of the unused ASE 
‘spectrum are selected by W D M demultiplexer. As the sections of EDFAs, fiber 
segments and FBGs are grouped into interleaving stages to use blue band and red 
band alternately as a monitoring light source. The scheme allows a FBG centre 
wavelength to be used repeatedly in every alternate stage. 
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1.6 Outline of the Thesis 
This thesis consists of two parts. The first part, Chapter 2 and 3，describes the 
design of a Faraday polarization controller and its performance in P M D 
compensation. The second part, Chapter 4, details a scalable non-intrusive 
surveillance scheme for long-haul transmission. 
In Chapter 2, an inexpensive, small and fast polarization controller using 
commercially available Faraday rotators, quarter wave plate and magnetic 
transducers is presented. The characterization of the controller is given. Chapter 3 is 
a performance evaluation of the polarization controller in P M D compensation. In 
Chapter 4，different fault situations and the corresponding results of detection are 
presented. The scalability of the monitoring scheme is addressed. The conclusion of 
this thesis is provided in Chapter 5. 
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Chapter 2 
A Device for Mitigation of First-Order P olarization-Mode 
Dispersion 
2.1 Introduction 
Fiber loss and chromatic dispersion were the obstacles to high speed long-
haul optical transmission. With the advance of optical amplifier and dispersion 
compensation fiber (DCF), these obstacles are no longer present. However, signal 
distortions occurs again even DCF has been inserted to operate a lightwave system 
near its zero-dispersion point because data rate and transmission distance of 
lightwave communication keep increasing to bring a new obstacle. The dominant 
source of distortions next to chromatic dispersion is polarization-mode dispersion 
(PMD). 
I . 
2.2 Origin of Polarization-Mode Dispersion 
Optical signals propagate as two orthogonally polarized HEn modes in 
single-mode fibers of telecommunications systems. In an ideal circularly symmetric 
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fiber, P M D does not occur because the two HEi i modes experience equal amount of 
group delays. In other word, an ideal fiber has no birefringence. In reality, a standard 
single-mode fiber has a small amount of birefringence caused by intrinsic and 
extrinsic perturbations. Intrinsic perturbation is interpreted as permanent geometric 
asymmetry or non-circularity of fiber core resulted from imperfections in the 
manufacturing process and/or environmental changes [8]. Extrinsic perturbation is 
interpreted as external mechanical stress and temperature causing a fiber core to 
deviate from its original circularity. A small amount of asymmetry in fiber core 
geometry can break the degeneracy of the two HEn modes to cause the modes to 
have different phase and group velocities. That is birefringence. When an optical 
pulse is launched with equal power on the two birefringent axes of a fiber, non-zero 
birefringence can cause evolution of principal states of polarization and split the 
single pulse into two orthogonally polarized pulses in the two axes with a time 
separation equal to differential group delay (DGD), leading to pulse broadening [9]. 
It is of course an undesirable effect and is called polarization-mode dispersion. 
Fast axis P ^ P 
“ Optical pulse ^ 
m--………--单 
Slow axis 
Figure 2-1 Time domain effect of P M D in a short fiber 
Figure 2-1, it is not difficult to see that D G D will increase linearly with 
‘ transmission distance if the birefringence is uniform along the fiber length. Usually, 
short fibers show a linear length dependence of D G D . However, uniform 
birefringence cannot be guaranteed over a long fiber, and random birefringence is 
more likely in long fibers. In addition, a phenomenon, called polarization-mode 
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coupling, becomes important in a fiber longer than 100m [10]. This mode coupling 
changes the linear length dependence. Other than random birefringence of long fiber, 
random polarization-mode coupling is the second factor determining the 
characteristics of PMD. The coupled mode theory [11] is the focus of the next 
section. 
2.3 Polarization-Mode Coupling 
A short and straight piece of fiber is generally treated as a discrete optical 
component. For discrete optical component the birefringent axes of polarization 
orientation tend to remain stable over time. That is, the differential group delay 
(DGD) and orientations of the birefringent axes don't change. However, the situation 
changes dramatically for long fibers. W e will first see the model for explaining 
polarization-mode coupling in Figure 2-2. Long fiber length is a necessary condition 
to make polarization-mode coupling to emerge [12]. Therefore long-length regime 
will be defined afterwards. 
fc—VI ^ M \ 
V 八 人 y vV J JU / 
Figure 2-2 Model of a long fiber formed by concatenation of "short fiber" 
sections 
In a long fiber of weak birefringence, both the orientations of the birefringent 
axes and the amount of D G D change randomly with time and environmental effects. 
This is what makes P M D a statistical phenomenon. A long fiber can be imagined as 
being just a concatenation of a bunch of short fiber sections as shown in Figure 2-2. 
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It is because a long fiber experiences random variations in localized stress along its 
length due to variations in fiber's environment. Random localized stress results in 
random variations in the axes of the birefringence along the fiber length to cause 
polarization-mode coupling, which therefore permits mode-coupling over a short 
section of a long fiber. Along a long fiber, each short fiber section can be thought of 
as randomly changing the angular orientations of its orthogonal axes of polarization 
with respect to the other. However, due to weak mode-coupling that may still exist 
between consecutive short fiber sections, each of fast and slow polarization modes 
from one short fiber section decomposes into both fast and slow modes of the next 
fiber section [13]. Therefore the birefringence of each section may either add to or 
subtract from the total birefringence, and an optical signal travelling down the series 
of fiber sections suffers random amounts of DGDs in different sections. The effect of 
random polarization-mode coupling is to randomly change the D G D of each section. 
Based on polarization-mode coupling between sections of "short fibers", there is a 
chance that when one section of the fiber increases its D G D another section of the 
fiber might decrease its DGD. This mode coupling may allow DGDs of adjacent 
sections to compensate for each other. Because of this random effect, D G D no longer 
accumulates linearly with fiber length but on average increases with the square root 
of the fiber length in a sufficiently long fiber. 
Transmission systems are generally in the long-length regime, so the P M D of 
a fiber is often specified using a P M D coefficient having units of ps.km"®^. In order 
< 
to have a fiber behaving in the long-length regime, the fiber length must be much 
greater than its parameter called the correlation length [14] or the coupling length Lc 
[15]. The physical meaning of the parameter is to describe weak random coupling 
between the two polarization modes of a fiber with mostly uniform birefringence 
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subject to random perturbations. Lc is defined as that length where the power 
difference {Px)-(^Py) of the ensemble averages of the power in the x and y 
polarizations has decayed to of the power difference at the input end of the 
e 
length of fiber. Lc can be less than 1 metre when fiber is spooled; conversely, it can 
be as long as one kilometre. The expression (2.1) allows us to estimate the mean-
square differential group delay (A 7*2〉for both short and long fibers, using the 
differential effective refractive index between the slow (s) and fast (f) modes {An = 
Hs - rif), the speed of light in vacuum (c), and the correlation length (Lc) [16-17]. The 
expressions (2.2) and (2.3) are respectively derived from the expression (2.1), given 
that L « Lc and L » Lc. They permit calculation of the approximate root-mean-
square D G D ( A w ) for the short- and long-fiber regimes. 
.. U A J l M i - ^ e y ^ ^ - ^ Eq. 2-1 
- ^ ‘ V c J 
Aw 
= — L for L« Lc Eq. 2-2 
c 
= — J2L^ for L » Lc Eq. 2-3 
c 
2.4 Statistical Characteristics of Polarization-Mode Dispersion 
Polarization-mode coupling is determined by extrinsic perturbations of a fiber. 
The perturbations result from localized stress during spooling/cabling/deployment, 
. from splices and components, from variations in the fiber drawing process, and from 
intentional fiber "spinning" during drawing, which induces mode coupling at "meter" 
lengths [18]. The randomness of extrinsic perturbations gives birth to random mode 
coupling between the two polarization modes of a fiber. This forms the basis of the 
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statistical treatment of P M D [8，19, 20]. 
Polarization mode coupling occurs continuously and randomly in standard 
single-mode fibers. For fixed coupling conditions, the two principal states of 
polarization are stable to first order with respect to wavelength. If the polarization 
mode coupling conditions change, even slightly and locally, due to thermal or 
mechanical variations or a wavelength drift, the principal states and their differential 
group delay may be drastically affected. The instantaneous differential group delay 
(DGD) may change very rapidly over more than an order of magnitude, as expected 
from the theory [13]. By assuming an ideal, perfectly random fiber birefringence and 
using random mode coupling model in concatenations of fiber sections, analytic 
results for D G D statistics have been produced in some studies. Those studies with 
random mode coupling mode have showed that the values of D G D are distributed 
according to Maxwellian statistical distribution and have concluded good agreement 
between experiments and predictions based on the model [21, 24]. Hence, there is no 
reason to question the validity of the Maxwellian probability densitiy function for 
standard transmission fibers. In Figure 2-3, the Maxwellian probability distribution is 
shown. The probability distribution curve with logarithmic scale in the axis of 
probability, as shown in Figure 2-4, indicates an infinitely small but non-zero 
probability at the instantaneous D G D up to 10 times of mean D G D . However, one 
important fact to be noted about the commonly used Maxwellian probability density 
function is that the probability density function gives only an approximate first-order 
P M D estimates for some cases which include an TV-element P M D emulator, and a 
standard fiber plus a system component of deterministic P M D [22]. 
12 
1 1   
A 
。.7 i V Probability density function of D G D (义)： 
圣。-6- / 、 / 、 2 “ 
5 T i 8 flxV 
2 0.4- t 气 n t\T ) 
M — \ I 
Instantaneous DGD Upper bound of D G D ^  
义（Ps) for a given length  
Figure 2-3 Maxwellian Probability Distribution Curve 
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Figure 2-4 A curve of Probability (log scale) against the ratio of Instantaneous 
D G D to Mean D G D shows non-zero probability at the instantaneous 
D G D up to 10 times of the mean D G D 
Although real systems are not perfectly random to exhibit infinite asymptotic 
tail of the theoretical distribution curve, it is understood that P M D varies 
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stochastically with time and wavelength. The stochastic nature of P M D has been 
experimentally verified [ 23 ,24 ]. P M D differs from other lightwave system 
properties in that the impairment caused by P M D can possibly extend to 
unacceptably large effect. This means that one cannot predict the impairment of the 
system at any particular wavelength and time, but must instead resort to a statistical 
description. Therefore, it is impossible to characterize the P M D of a system to any 
level of accuracy because any measurement will sample only a portion of the 
statistical ensemble. 
In contrast, other types of impairments, due for instance to chromatic 
dispersion, system attenuation, or self-phase modulation, have some uncertainty 
caused by manufacturing tolerances, imprecise wavelength control, aging, etc., but 
their probability densities will vanish beyond some value. It is possible for one to 
design a system to tolerate the worst-case impairment of the aforesaid types. 
However, if P M D is a dominant source of impairment, tolerance of the worst-case 
P M D impairment will become very difficult or rarely possible. Therefore a system 
cannot be designed to handle the worst-case impairment but can only be designed for 
a specified outage probability. Based on the same reason, P M D compensation cannot 
eliminate the impairment. The design of P M D compensation scheme must be aimed 
to reduce the P M D outage probability. 
In addition, optical fiber is not the only source of P M D , other components of 
an optical network have some amount of birefringence which will introduce an 
additional amount to the P M D of the whole system through add-drop multiplexers of 
the network. It is necessary to pre-determine the additional amount of P M D due to 
the other components in a system and take them into consideration when designing a 
P M D compensator for a low outage probability. 
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2.5 Common Schemes of PMD Compensation 
The goal of compensating P M D in the optical domain is to reduce the total 
P M D impairment caused by the transmission fiber and the other components in a 
system. Numerous techniques have been proposed and demonstrated [3-7]. A 
majority of published researches on P M D compensation has addressed first-order 
P M D but there is still a need for a first-order P M D compensator with the features of 
low-cost, small size and fast response 
In general, optical compensation consists of an adaptive compensator, a 
feedback signal, and a control algorithm as shown in Figure 2-5. Various optical 
P M D compensation schemes have been proposed. Most of the schemes put the 
compensators near the optical receiver and insert optical birefringence into the 
optical path, opposing to the randomly fluctuating P M D [25]. To explain the 
principles of the compensation schemes, the Principal States Model [19], which is in 
common use today for the characterization of PMD, is adopted. 
Transmitter j 
- T ^ ( ^ y j Adaptive 二 H T 
y compensator ^ * 
Fiber z \ Receiver 
Control 
Algorithm ^ Monitor 
Figure 2-5 General scheme for optical P M D compensation 
» 
；、 
P M D can be characterized by the P M D vector in three-dimensional Stokes 
space, where the magnitude, Ax, is the DGD. The unit vector, p , points in the 
direction of the slower PSP, whereas the vector - p indicates the orthogonal faster 
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PSP. The two orthogonal PSP is 180° apart in Stokes space. 
f = AT p Eq. 2-4 
The P M D vector at the fiber input f^ . is related to the output P M D vector f 
by T = R f,，where is the 3 x 3 Muller rotation matrix. The output PSP can also be 
related to the input PSP similarly by p = R p^. 
The reason of using the Principal States Model is that it permits the 
determination of the total P M D vector of a series of two or more elements with 
known P M D vectors using simple concatenation rules [16，23]. The concatenation 
rule for first-order P M D is to transform the P M D vectors of each individual section 
to a common reference point and take the vector sum in three-dimensional Stokes 
space. The vector can then be transformed to any other location in the system using 
the known rotation matrices of the different sections. 
T ] f 2 T m-2 ？ m-1 ？ m 
In I Out — 
~ .灭 1 Rl Rm-2 ^ m-l ^m ^ ^ 
Figure 2-6 Concatenation of m sections of P M D , each with known rotation 
matrix Rn and output P M D vector t n. The total P M D of the 
assembly for first-order P M D can be found by Eq.2-5. 
m 
f = + Eq. 2-5 
- /j=i 
where we define the rotation matrix of m-n+1 sections as R{m, n) = Rm Rm-\.. -Rn 
When the total P M D f at the output (or the total P M D at the input) is 
aligned with the output polarization, p (or the input polarization 5 ) in the same 
direction or in the opposite direction, then first-order P M D becomes minimized. 
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After going through the basics of the Principal States Model, the physical 
meaning of P M D vector and concatenation of P M D vectors, I begin a discussion on 
three common compensation schemes:-
The first compensation technique is to null the P M D vector of the combined 
system at the fiber output using a P M D compensating element as shown in Figure 
2-7. A Stokes vector of unit length s is used to represent the polarization of the 
launched signal at the input of transmission fiber. The adaptive compensator consists 
of an adjustable polarization controller and an adjustable birefringent element 
connected in series. Vector format is used to represent the fiber P M D f卯，and the 
compensator P M D • By applying the concept of concatenation, we can take the 
vector sum of the two P M D vectors at the connection point between the fiber output 
and the polarization c ontroller input. At the carrier frequency, f。„, and cancel 
out each other because they are opposite and equal in magnitude. The key thing of 
this scheme is to provide both tunable differential group delay and principal states of 
polarization (PSP), which are respectively represented by the magnitude and the 
direction of the compensator P M D so that exact cancellation between f^ ,^ and (側尸 
can be achieved. The adjustable birefringent element and the adjustable polarization 
controller control respectively the magnitude and direction of the compensator P M D 
vector 〒_p to null the P M D vector of the c ombined system. Heismann et a 1，has 
successfully demonstrated this scheme using opto-mechanical delay lines as the 
adjustable birefringence [3]. The adjustable birefringent element is used to provide a 
tunable D G D . However, it is difficult to implement practically. 
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Figure 2-7 P M D compensation scheme by tunable D G D and PSP 
The second optical compensation scheme to be explained is shown in Figure 
2-8. To avoid the difficulty of implement tunable D G D , a fixed D G D is used instead 
in this scheme. The compensator is consisted of an adjustable polarization controller 
and a P M fiber with a fixed D G D . Again, s represents the polarization of the 
launched signal at the input of transmission fiber.〒…and R'' f—p respectively 
represent the P M D vectors of transmission fiber and polarization controller at the 
same reference location. is a Muller rotation matrix characterizing transmission 
fiber in Stokes space. If we look at the input of transmission fiber from the 
transmitter, the concatenation rule permits a vector sum of f,.„ and R ' ' t o 
represent the combined P M D vector at the input of the transmission fiber. Depending 
on the magnitude 〒_p，we have two different treatments to analyse this P M D 
compensation scheme. If the fixed D G D of the compensator is sufficiently large such 
that 〒_p > • sin^ z^ l，where 小 is the angle between the launch state, s , and the 
P M D vector f…at the fiber input, the first treatment is to adjust the polarization 
controller to align the combined P M D vector (f,„ + K ' w i t h the launch state s 
in the same direction or in the opposite direction. If the fixed D G D of the 
compensator is not large enough such that the second treatment is 
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to adjust the polarization controller to minimize the penalty resulting from the 
minimum combined P M D vector of the transmission fiber and compensator. Suppose 
that 9 is the angle between the launch state, ？, and the P M D vector (f,„ + R]〒―p), 
then the minimum combined P M D vector is min |(f,.„ + R] sin 6| . Either 
one of the two treatments will produce the output signal of maximum degree-of-
polarization (DOP). DOP monitor is an appropriate monitoring technique because 
DOP monitor does not require electronics running at a speed as high as bit rate of 
data [26]. The P M fiber has a twofold purpose. One is to easily provide the 
compensator with a fixed and sufficiently large D G D so that the condition 
>|f,.„ -sin^ l can be achieved in most of the cases. The other is to carry the 
compensated signal from the output of polarization controller to the receiver and 
preserve the states of polarization if the polarization controller has maximized the 
degree of polarization of the compensated signal at its output end. However, P M 
fiber enhances higher-order P M D effect on the other hand [27]. It should be noted as 
a disadvantage of using P M fiber to provide the compensator with the required 
amount of D G D . 
^ Tin Fiber ^Pp^ i . ^za t ion PM Fiber 
- Transmitter k / \ controller r \ Tap receiver 
m M \ 07) . 0 • _ _ r a 
， T 二、 
Control . . ^ 
A, .iL 4 Monitor 
• Algorithm 
Figure 2-8 P M D compensation scheme using a fixed D G D and tunable PSP 
The third compensation scheme as shown in Figure 2-9 is to transmit signals 
on principal states of polarization (PSP) of a fiber . It is done by aligning the 
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polarization of the launched signal (s ) with the PSP {pj at the fiber input. This 
scheme differs from the previous two schemes in that the adaptive counter-element is 
placed near the transmitter. The disadvantage of this scheme is that it provides a 
purely first-order P M D compensation and the compensation speed is limited by the 
round-trip delay through the fiber. 
A A 
s s Ps Fiber 
Transmitter； ：：^：^^/ / f l ^ Tap = e r 
g \ a r I M _ g 
A?ont:ol I _ M o n i t o r 
Algorithm 
Figure 2-9 P M D compensation by transmission on a PSP 
2.6 A Proposed Design of Faraday Polarization Controller for 
First-Order PMD Mitigation 
After exploring the two widely used schemes for first-order P M D mitigation, 
I can identify the adjustable polarization controller as one of the key elements, which 
can be the bottleneck limiting the compensation speed. I am motivated to design an 
adjustable polarization controller for first-order P M D compensation with the features 
of small size, low cost and quick response. The proposed design of adjustable 
Faraday polarization controller (FPC) is based on the compensation technique 
demonstrated by Hayashi et al. [28]. The schematic diagram of the compensation 
scheme is shown in Figure 2-10. The dotted-line box represents a compact FPC. 
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Figure 2-10 Schematic diagram of the proposed design of compensation scheme 
As discussed in the previous section, the FPC of the proposed design serves 
the same function of the polarization controller as in the previous schemes. The FPC 
consists of two Faraday rotators and a quarter wave plate (QWP). The adjustment of 
the FPC aims to minimize + R'' f—p). sin 01 by reducing the angle 6 between 
the combined P M D vector + R ] a n d the launch state, s at the input end of 
the fiber. The direction of is controlled by the adjustment to the two Faraday 
rotator in the FPC. The quarter wave plate serves to introduce a fixed amount of 
birefringence and to make sure that the direction of can be tuned in three-
dimensional Stokes space. With a sufficiently large birefringence of quarter wave 
plate, the magnitude of the P M D vector is large enough to enable the combined 
P M D vector effectively aligned with the launch state s . Therefore polarization mode 
distortion can be fully compensated. The polarizer at the output can permit a vector 
component of a minimally distorted signal going through it to a receiver. It is 
because the polarization state of the output signal can be decomposed into two linear 
polarizations with orthogonal relation. One of the two linear polarizations, in parallel 
with the polarization axis of the polarizer, can pass through the polarizer to reach the 
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receiver. The orthogonal polarization cannot pass through the polarizer. The signal 
passing through the polarizer must be a linearly polarized signal without polarization 
mode distortion. 
If the birefringence is not large enough, then it is still possible to minimize 
polarization mode distortion by aligning the combined P M D vector as close as 
possible to the launch state s . The polarizer performs the same function such that the 
output signal passing through the polarizer must be a linearly polarized signal with 
minimum polarization mode distortion. 
From the perspective without resorting to P M D vectors, the two Faraday 
rotators control the polarization state with magnetic fields of two magnetic 
transducers. The magnetic field depends on the applied D C current derived from a 
D C current driver. Suppose elliptically polarized light enters the FPC. As shown in 
the left Poincare sphere of Figure 2-11, the first Faraday rotator of the FPC rotates 
the polarization state of the launched signal along the same latitude on the surface of « 
Poincare sphere meanwhile the Q W P is converting the signal from elliptically 
polarized light into linearly polarized light. 
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Figure 2-11 Basic operation of Faraday polarization controller 
As shown in the right Poincare sphere of Figure 2-11，the second Faraday 
rotator can move the signal of linearly polarized light to align with the polarizer. 
Therefore the polarizer permits maximum strength of the signal to pass through it to 
“ reach the receiver. The strategy of this operation procedure is aimed at making the 
operation simpler as compared with the strategies of detecting the degree of 
polarization or bit-error rate [25]. 
, Faraday rotators and quarter wave plate are usually small in physical size. 
The main obstacle to reducing the size of FPC is the sizes of magnetic transducers. 
Several trial experiments have been done with the commercially available magnetic 
transducers, like magnetic head of tape recorder, choke coil, and read/write head of 
floppy disk drive. Read/write head of SVa' 360KB floppy disk drive has been tried. It 
is believed that read/write magnetic head of that early generation can generate a 
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relatively strong magnetic field to write data on low density 360 K B floppy diskette. 
Early experiments that applied strong magnetic fields of the heads to Faraday rotator 
could demonstrate a significant and repeatable rotation in polarization state of light 
but undesirable Cotton-Mouton effect and desirable Faraday effect were both 
observed in polarization states of light at the output end of FPC. The last paragraph 
of Section 2.7 explains why Cotton-Mouton is undesirable and Faraday effect is 
desirable. Unfortunately, no matter how close read/write heads are placed near a 
Faraday rotator，it still cannot make the fringing m agnetic fields of the read/write 
heads in parallel with the propagation direction of light inside Faraday rotator; hence 
undesirable Cotton-Mouton effect is unavoidable if read/write magnetic head is 
employed. 
To minimize Cotton-Mouton effect, two copper coils of magnetic relays have 
been deployed to substitute the original read/write heads and Faraday rotator(s) is 
placed inside each copper coil as shown in Figure 2-15. The magnetic fields 
generated by magnetic relay coil are in parallel with the propagation direction of 
light inside Faraday rotator. In addition, larger number of turns in copper coil can 
produce a magnetic field much stronger than that of read/write head. It can increase 
the desirable Faraday effect without suffering from Cotton-Mouton effect. It is 
another reason of using magnetic relay coils. 
In addition, the magnetic sensitivity of Faraday rotator is a critical obstacle to 
obtaining satisfactory performance from the FPC. A Faraday rotator of low magnetic 
‘ saturation type was found from one of the products of Sumitomo Metal Mining 
Company in Japan. Compared with the specifications of other Faraday rotators 
manufactured by that company, the Faraday rotator of G B series requires the least 
amount of magnetic field strength to reach saturation. That type of Faraday rotator is 
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made of Gadolinium Gallium Garnet (GGG) substrate with a film of Rare Earth Iron 
Garnet (RIG) grown on it by the Liquid Phase Epitaxy (LPE) method. 
Specifications of G B series Data  
Extinction Ratio (dB) > 40 
Insertion Loss (dB) < 0.05 
Temperature Coefficient (deg/°C) 0.09 
Wavelength Coefficient (deg/nm) 0.065 
Thickness ([im) 530 
Magnetic Saturation Field (Oe) 200 
Thermal Expansion (per °C) Up to 1.1x10"^ 
Faraday Rotation Angle(deg) 45 +/- 0.2, 0.5，1.0 
Size (mm) 0.5x0.5 to 11.0x11.0 
Table 2-1 Specifications of low magnetic saturation type for miniature device 
(GB series ) (Source: http://www.smm.co.jp/b_info_E/fr/fr.html) 
2.7 Theory of Magnetooptic Effects 
The working principle of Faraday rotator is based on the Magnetooptic Effect. 
When a magnetic field B is applied to magnetic medium, a change in the 
magnetization M. within the medium will occur as described by the Maxwell 
equations M= z. H where j is the magnetic susceptibility tensor of the medium. 
The change in magnetization can in turn induce a perturbation in the complex optical 
permittivity tensor £ . This phenomenon is called the magnetooptic effect [29]. 
Magnetooptic effects can be classified into Faraday effect, Cotton-Mouton effect and 
Kerr effects. 
In the principal crystal axes [100] coordinate system, the magnetooptic 
permittivity reduces to the following forms: 
1^1 1^2 1^3 
£ = So s\i £-22 £^23 where * denotes complex conjugate. 
“ 3^3 _ 
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£ can be decomposed into three components representing paramagnetic 
state, Faraday rotation and Cotton-Mouton effect as follows: 
- 〜 0 Ol r 0 -jf\M; 
£ = So 0 2^2 0 + fo - 0 + jf\M\ + 
_0 0 3^3 J 0 
+ fnM' + fnM' ‘ 
已0 + 2/44M2M3 
_ 2/44M1M3 2/44M2M3 几 + f^^M,' + /„M3^_ 
For the application of Faraday rotator in polarization controller, we concern 
most the Faraday effect in a paramagnetic or diamagnetic material. W e first look at 
the Faraday effect. For paramagnetic or diamagnetic materials, the magnetization 
within the material is proportional to the external applied magnetic field B. When 
linearly polarized light is incident on one end surface of a slab of paramagnetic (or 
diamagnetic) material and the slab is under the influence of an external magnetic 
field pointing in the same direction of light and with a magnetic flux density B, the 
polarization of light is rotated by the magnetic field through an angle 0. Suppose the 
length of the slab is d, therefore light has to travel the distance d in order to exit from 
the other end of the rotator. 
‘ W e have, 
e=VBd Eq. 2-6 
where ^  is a factor of proportionality known as the Verdet constant. 
, - V 二 ^ ^ Eq. 2-7 
右r 
where Zo is the magnetic susceptibility of free space. 
f\ is the first-order magnetooptic scalar factor. 
Xq is the wavelength of incident light. 
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Sr is the relative permittivity of the medium. 
• Substitute Eq. 2-7 into Eq. 2-6, we have 
e ^ M ^ B d Eq. 2-8 
Faraday effect induces rotation in the polarization of light but does not affect 
the degree of ellipticity of polarization state. In contrast, Cotton-Mouton effect can 
change the degree of ellipticity of polarization state [29]. Therefore, it is most 
desirable that maximal Faraday effect and m inimal Cotton-Mouton effect o ccur in 
the Faraday rotation crystal of a Faraday polarization controller. However, if 
read/write head of 360KB floppy disk is used, the induced magnetic field generated 
is not parallel with the propagation direction of light inside Faraday rotator, then 
Cotton-Mouton equation should be used [29]. For the current implementation with 
magnetic relay coils, only Faraday effect equation (Eq. 2-9 ) is employed. 
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2.8 Compact Size of Faraday Polarization Controller 
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Figure 2-12 Assembly drawing of Faraday polarization controller 
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As shown in Figure 2-12, the Faraday polarization controller (FPC) mainly 
relies on free-space coupling and alignment to transmit a beam of light through 
Faraday rotators, beamsplitters and quarter wave plate to reach a fiber collimator at 
the other end. The beamsplitters are only used in the stage of characterization of the 
device and they do not provide any function of P M D mitigation. They will be 
removed from the assembly after completion of characterization. The original idea is 
to put all the free space components, except the beamsplitters, into a compact 
housing so as to achieve small physical size. The length of the whole assembly is 
about 90mm. When the beamsplitters are not used any more, the length of the 
assembly can be shortened at least 16mm. There will be still some unnecessary space 
permitting further miniaturization of the device. 
Since the free-space components are very small, the alignment is very critical. 
The process of aligning magnetic relay coils with Faraday rotators was conducted on 
an optical table. The power and the polarization state at the output of FPC were 
continuously monitored to prevent the magnetic relay coils from pressing /pushing 
on the delicate Faraday rotators. If the size of magnetic relay coils can be customized, 
the whole assembly can be further miniaturized. The target size will be 54mm x 
15mm X 15mm. 
J ' 
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Figure 2-13 Elevation view of Faraday polarization controller with magnetic 
relay coils 
Figure 2-14 Top view of Faraday polarization controller with magnetic relay 
- coils 
H H f f ^ f l 
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Figure 2-15 Photograph of a Faraday rotator inside a magnetic relay coil 
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Figure 2-16 Photograph of a quarter wave plate 
2.9 Characterization of Faraday Polarization Controller 
Faraday polarization controller (FPC) is one of the key components of the 
proposed P M D compensation scheme. It is important to ensure that it can perform all 
the basic functions of adaptive counter-element in P M D mitigation. Characterization 
of FPC allows us to understand the strengths and weaknesses of the device. This 
process mainly consists of two things. The first is to determine the response curve of 
„ change in polarization state of a linearly polarized output signal against change of 
current to magnetic relay coil. The second is to measure the frequency response 
curve of the FPC. 
2.9.1 Polarization State of FPC Output Against Input Current 
The experimental setup is shown in Figure 2-17. The measurement of the 
polarization orientation of the output signal of the FPC requires a polarimeter 
( T H O R L A B S PA430-EC). The polarimeter consists of a handy optical head, an 
interface unit, and a computer running its software. A beam of linearly polarized 
light, after passing through the device under test, was directed to the optical head. 
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The computer serves to display graphically the coordinates of the polarization vector 
of the received signal on a Poincare sphere. It is impossible to measure the true 
polarization state if the output signal is transmitted to the polarimeter through a 
single-mode fiber. Even polarization maintaining (PM) fiber cannot guarantee the 
polarization orientation unchanged in the fiber because only the signal launched at 
one of its two birefringent axes can enjoy preservation of polarization states. 
Therefore, the output signal was first split by OFR's 50/50 polarization preserving 
beamsplitter (PSP-B-VR-50/50-1550) and one of the two signals was directed to the 
polarimeter through free-space coupling. The light source was a tunable 
semiconductor laser (SANTEC TSL-300S-1550) at 1 m W output level, which can 
provide the FPC with an input signal of very low wavelength drifting and high 
degree of polarization. A free-space polarization controller (PC) constructed with 
OFR's half wave plate and quarter wave plate was inserted into the optical path 
between the light source and the input of FPC. Linearly polarized light was produced 
to input to the FPC by tuning the free-space PC. The free-space PC can maintain 
very stable and linearly polarized light and preserve high degree of polarization. 
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Figure 2-17 Experimental setup for measuring output polarization state of FPC 
against current of magnetic relay coil 
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The data of measurement is listed in Table 2-2. A graph is constructed based 
on the data to show graphically the type of relationship between the polarization state 
of the output of FPC and the current flow in magnetic relay coils. There are three 
observations obtained from Figure 2-18. First, the graph shows a linear dependence 
of rotation of polarization orientation on the amplitude of driver current when the 
current a mplitude i s small. Non-linearity is o bserved w hen t he c urrent amplitude 
becomes large. One possible explanation for this phenomenon can be saturation of 
the material of Faraday rotator occurring in large magnetic field that is generated by 
a large driver current. Another possible reason is that the actual magnetic field 
strength of magnetic coil increase with current amplitude at a rate less than the 
theoretical rate of direct proportionality between field strength and current. Subject 
to limitation of measuring instrument, direct and accurate measurement of the actual 
magnetic field is not possible. Therefore, stringent comparison between Figure 2-18 
and Eq. 2-1.0 is not possible. 
Second, a small discontinuity o ccurs in the curve of Figure 2-18 when the 
applied voltage across the magnetic relay coil is about to reverse polarity. The 
discontinuity occurs and becomes more obvious as the polarization state of the 
Faraday rotator is repeatedly driven over the entire range of 45 degrees and reversed 
in polarity. The cause of the discontinuity is the residual magnetization in the 
material of FPC. The residual magnetization emerges immediately when the applied 
current vanishes. The remedy to eliminate the first and second phenomena is to use a 
^ thicker Faraday rotator or two to three Faraday rotators stacked in series. Therefore, 
it is less likely to drive the Faraday rotator to non-linear region and it is possible to 
apply a current of a single polarity to cover the required 90-degree range instead of 
reversing polarity to exhibit a range of 士 45 degrees. 
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Third, the changes in polarization state during positive cycle and negative 
cycle of current are slightly not symmetrical. Asymmetry may not be a big problem 
and can be avoid if only a unidirectional current is used and two or more Faraday 
rotators are placed inside the copper coil. 
Current flow in magnetic relay Change of polarization 
coils (Ijn )/mA orientation (6)/degrees 
jO ^  
35 4 3 
^ ^  
25 37 .4 “ 
^ ^  










^ -36 .6 
- 3 9 . 3 
^ -42.4 
-50 -45.1 
Table 2-2 Output polarization orientation changes with the magnitude of current 
- flow to the magnetic relay coils 
In addition to Table 2-2 and Figure 2.18, some pictures of Poincare sphere 
- ‘depicting the traces of movement of the polarization vector of FPC output under the 
influence of a varying magnetic field are shown in Figures 2-20, 2-21 and 2-22. 
These pictures will help one understand clearly the characteristics of Faraday rotators 
under the influence of the fields of magnetic relay coils. Figure 2-20 shows that a 
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single Faraday rotator at the second stage of the proposed scheme can produce not 
more than ±45 degrees of rotation in polarization orientation of light. This range of 
angular rotation is not sufficient large to control the polarization state of light to 
reach any point on the surface of Poincare sphere but this problem can be resolved by 
adding more Faraday rotator to that stage. The effectiveness of increasing the angular 
range has been verified by using two Faraday rotators at the first stage as shown in 
Figure 2-21. At present, we use only three Faraday rotators, two at the first stage and 
one at the second stage. With the quarter wave plate added in between the first and 
second stages of Faraday rotators, the polarization state of light at the output of the 
second-stage Faraday rotator can be three-dimensionally controlled to reach any 
position on the surface of Poincare sphere. Although Figure 2-22 shows that the 
movement was made within one-eighth surface of the whole Poincare sphere, this 
problem can be solved. 
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Figure 2-18 Output polarization orientation against current flow in magnetic relay 
coils (a single Faraday rotator deployed) 
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When two Faraday rotators are used in another stage of FPC, the range of 
change in the polarization orientation increases but is not doubled. In addition, the 
non-linearity issue is improved. Small discontinuity problem can be avoided 
because reverse of polarity of current is no longer necessary as shown in Figure 2-19. 
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Figure 2-19 Output polarization orientation against current flow in magnetic relay 
coils (2 Faraday rotators in-series deployed) 
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Figure 2-20 About 45-degree change in polarization states (a single Faraday 
rotator crystal deployed) 
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Figure 2-21 About 80-degree change in polarization states (2 Faraday rotator 
crystal in series deployed) 
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Figure 2-22 Using two stages of Faraday rotators to control polarization state of 
optical signal to trace a closed loop on the surface of Poincare sphere 
and testing normal functioning of quarter wave plate. 
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2.9.2 Frequency Response of Faraday Polarization Controller 
The experimental setup is shown in Figure 2-23. This measurement again 
requires polarization preserving beamsplitter to split out 50% of output signal from a 
stage of Faraday rotator and direct it through a polarizer to a photodetector. The 
photodetector has a relatively large optical head, hence it can easily pick up light 
through free-space coupling to generate a large voltage. 
When the D C current driver was modulated by a sine signal of 2 volt in 
amplitude derived from a signal generator, the current driver passed A C current to 
magnetic relay coils. Then the magnetic relay coils generated a varying magnetic 
field which control the Faraday rotator to rotate the polarization orientation of light 
signal at the same frequency. It is interesting to know if the Faraday rotator can keep 
the swing of rotation unchanged from low frequency to very high frequency. The 
result of this measurement can reflect how fast the FPC can respond to a command of 
feedback control algorithm to achieve an adaptive P M D compensation. 
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Figure 2-23 Experimental setup for measurement of frequency response 
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Frequency response curve of the Faraday rotator 
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Figure 2-24 Frequency response curves of magnetic relay coil and Faraday 
polarization controller (single Faraday rotator crystal) 
According to Figure 2-24, the frequency response of Faraday rotator under 
the influence of modulating magnetic field is flat from 1 Hz to 60 kHz. The 3-dB cut-
off frequency is approximately located at 130 kHz. This limit of frequency response 
should be due to the large impedance of magnetic relay coil which makes the current 
driver fail to operate in a linear region. If a current source with a wider output current 
range is used, the issue could be improved. 
. - The y-axis of the frequency response measures the ratio of the voltage 
amplitude reproduced by the photodetector to the current flowing in magnetic relay 
coil. Since the impedance of magnetic relay coil increases linearly with frequency, it 
is impossible to keep the current amplitude unchanged over the range of IHz to 
130kHz. The solution to this issue is to observe the ratio of voltage amplitude 
derived from change in polarization to current amplitude in the magnetic relay coil. 
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The following formula can convert from bandwidth to rise-time. The rise time of the 
FPC's change in polarization orientation is about 2.69 microsecond. It is important 
to note that this rise time is dependent on the frequency response of current driver. A 
current driver of better frequency response should result in a better rise time. 
However, any further improvement cannot go beyond the fundamental limit of 
response time of Faraday effect, which is in the order of picoseconds [30]. 
T rise-time (nanosecond) = 350/ Bandwidth (MHz) Eq. 2-9 
2.9.3 Use and Calibration of Polarimeter 
The accuracy in the measurement of changes in polarization state of light is 
highly dependent on how precisely the calibration and alignment was done before 
experiments. Therefore, a description of the calibrations of Thorlabs Polarimeter is 
first provided and a description of the necessary alignment follows. « 
During the calibration routine various system parameters are characterized. 
These parameters include: the angles between the systems horizontal axis and the 
fast axis of the quarter wave plate and the linear analyzer, the optical phase 
. retardance of the quarter wave plate at the operating wavelength, and the electronic 
offset voltages of the detection circuit. 
The calibration consists of three steps. To have a reliable and accurate 
, calibration, it is necessary to use free space coupling to provide two different states 
‘ of polarization. Preparing the states of polarization prior to initializing the 
calibration routine will facilitate to the calibration process. It is highly recommended 
that the intensities of the beams for each polarization state be approximately the same. 
This ensures that the gain setting will not change during calibration. One means of 
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accomplishing this is to place a linear polarizer in the beam to generate the linear 
state of polarization. Then, with the linear polarizer in place, a quarter wave plate 
(QWP) may be added "down stream" to generate the near circular elliptical state of 
polarization. The only loss in intensity between the linear and near circular states is 
due to the Fresnel reflections and absorption (this should be minimal) associated 
with the Q W P . The three calibration steps are as follows: 
1. The input signal must be turned off, or blocked, so that the offset 
voltages of the detection circuit may be measured accurately. At 
different level of gain setting in the pre-amplifier of the polarimeter, 
the offset voltage is measured and recorded. In order to enable the 
polarimeter to produce the same level of accuracy when it is used to 
measure polarization state of light ranging from the lowest power 
• level to the highest power level  
within the acceptable range shown J 
in the specifications of the ^ ^ ^ ^ ^ ^ ^ ^ 
s � 
polarimeter.at different power 、、 
- levels. 
2. An elliptical, near circular, state of polarization must be entered into 
the optical head with a linear polarizer and Q W P . 
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3. A linear state of polarization, parallel with the linear analyzer in the 
optical head, can be obtained by removing the Q W P . Aligning the 
linear horizontal polarization state to the transmission axis of the 
linear analyzer in the optical head will yield an orientation of the 
linear polarization state along the horizontal axis of the optical head 
(perpendicular to the mounting axis) to within a couple degrees. If the 
orientation of the linear horizontal polarization state is known and the 
user would like to calibrate the Polarimeter to it, this can be 
accomplished provided that it does not deviate from the transmissipn 
axis of the linear analyzer in the optical head by more that ±25 
If the three steps are completed smoothly and the configuration data are saved, 
the polarimeter can produce reliable calibration result. After calibration has been 
finished an accurate alignment is necessary. It requires light signal entering the 
< 
optical head along its central axis. It is assumed that it can be achieved when the 
maximum level of light power is coupled to the optical head from a source. "Scope 
Window" is used to display the magnitude of light signal graphically. When linearly 
horizontal polarized light is incident in the optical head perpendicularly, four cycles 
of a sinusoidal signal appear in the Scope window with maximum D C level .and 
amplitude. 
Since the performance of the polarimeter (Thorlabs, modol no. PA430) is 




Operating Wavelength Range: 1100-1600nm 
Power Range: 30nW-3mW 
Accuracy D.O.P.: ±1.50/0 Over Operating Range 
Physical Properties 
Sensor: Germanium Photodiode 
Active Diameter: 5.0mm 
General 
Operating Voltage: 115VAC/230VAC (-EC models), 50-60Hz • 
Operating Temperature: 10 to 40°C 
2.10 Summary 
In this chapter, the basic characteristics of polarization mode dispersion has 
been investigated. Its stochastic nature makes traditional compensation techniques 
inappropriate. The demand for higher speed and longer distance transmission have 
imposed has gave birth to that new obstacle. Current interest in solving the PMD-
induced problem has stimulated the evolution of several compensation techniques. 
- After investigated their strengths and weaknesses, I propose a novel device for 
mitigation of PMD-induced d istoition. A basic c oncept of m agnetooptic e ffects is 
essential to design the device. That theoretical part has been studied and the potential 
‘ problem foreseeable from the theory is aware of. Finally, a Faraday polarization 
controller (FPC) has been made with the help of a Manager and an Engineer of O-
NET Communications Technology Ltd. Having conducted some experiments to test 
the basic functionality of the FPC, it is proved that the design scheme is feasible. The 
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next step is to try the FPC in a simple lightwave transmission system to evaluate its 
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Chapter 3 
Performance Evaluation of the Proposed Device in 
Mitigation of PMD-induced Distortion 
Signal distortions and system impairments occur when P M D causes different 
delays for different polarizations and the difference in the delays is comparable to the 
bit period of the transmitted optical signal. Different PMD-induced system 
impairments will be discussed in this Chapter. The Faraday polarization controller 
proposed in the previous chapter has been tested for basic functionality in controlling 
polarization state of a launched signal. As the basic functionality is achievable with 
this device, it should be tested in a system to investigate its capability of 
compensating P MD-induced distortion. The experimental setup and results will be 
provided in this chapter. In the test, the device and a polarizer will be inserted at the 
end of a lightwave transmission before an optical receiver. After insertion of an 
artificial first-order P M D in the middle of the transmission link, the Faraday 
polarization controller will be adjusted to get the maximum amplitude at the input of 
receiver. The eye diagram of signals at the input of the optical receiver before and 
； -after insertion of artificial P M D will be compared to judge the usefulness of the FPC. 
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3.1 System Impairment and Power Penalty Due to First-Order 
PMD 
There are several types of system impairments [31] due to fiber P M D . The 
first type is the intersymbol inteference (ISI) impairment caused by differential group 
delay Ar between two orthogonal polarizations of a pulse in a single digital 
transmission channel. This impairment can be expressed as a power penalty e (dB) of 
a system. The second type is the interchannel effect occurring in polarization 
multiplexed transmission systems. That effect destroys the orthogonality of the 
polarizations in the adjacent multiplexed channels. These impairments can be 
induced by first-order P M D leading to system outage. Other types of impairments, 
such as impairments due to second- or higher-order P M D are beyond the scope of 
this thesis. W e look at the power penalties due to first-order P M D . 
Poole et al. reported an expression for calculating the power penalty e with 
the following equation [32]. « 
e (dB) = (A/F)A^ Y(1- y) =A (AT/2T) ^sin^ 6 Eq. 3-1 
where T is the bit interval 
yis the power splitting ratio 
0 is the angle between input polarization and the input principal state 
of polarization. 
^ is a dimensionaless parameter depending on pulse shape, 
‘ modulation format, and specific receiver characteristics 
i ‘ 
zlris the differential group delay. 
As reflected in Eq. 3.1 and the same result by Karlsson [33], the power 
penalty, e, changes with the D G D and with the launch penalty factor g，where 
g =sm^ 0 = [l-{p.s)^J = (p x s f Eq. 3-2 
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The launch penalty factor, g, depends on the alignment between the Stokes 
vector, s, of the input polarization and the instantaneous PSP, p . W e have g = 0 for 
perfect alignment where there is no power penalty, and a maximum of g = 1 when 
the Stokes vector s and p are perpendicular. The latter case is the worst-case launch 
resulting in the maximum power penalty. 
It is significant to have a first-order c ompensator capable of m itigating I SI 
impairment i n a single-channel high data-rate transmission system and capable of 
reducing PMD-induced power penalty. 
3.2 An Experiment for Testing PMD Compensation Capability of 
the Proposed Device 
The experiment setup is shown in Figure 3-1. The setup consists of a laser 
source externally modulated by lOGb/s N R Z data format at the wavelength of 
1550nm at ImW, a polarization controller for obtaining the maximum received 
power at the receiver, a polarization maintaining fiber of 30 metres, an optical 
amplifier, an optical attenuator, Faraday polarization controller to be tested, a 
polarizer, and optical receiver. In addition, two external D C current drivers are 
required to provide magnetic relay coils of Faraday rotators with a sufficiently large 
current. Therefore, the Faraday polarization controller can fully function as a 
polarization controller to rotate the polarization vector of its launched signal to align 
� ‘ 
with the polarizer following it. The current flowing to the magnetic relay coils at the 
first stage of Faraday rotator is adjusted until linearly polarized light appears at the 
output of FPC. The second stage of Faraday rotators is controlled by adjusting 
another D C current driver which has been connected to its magnetic relay coils. A 
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correct tuning of current is able to align the polarization state of the output signal 
with the polarizer. For the case of using P M D compensation, after the optical signal 
passes through the FPC and the following polarizer, the signal is received by the 
optical receiver, which transfers RF signal to a high speed oscilloscope. An eye 
diagram is displayed for performance evaluation of the FPC. When the alignment is 
correct, the maximum RF signal amplitude can be seen from an eye diagram 
displayed on the high speed oscilloscope. 
When no P M D compensation is applied, the FPC can be simply replaced by 
an optical attenuator. The insertion loss of the attenuator should be adjusted to equal 
that of the FPC. When the transmission system is switched from the connection of 
"having no P M D compensation" to another connection of "having P M D 
compensation", the received power at the receiver should remain unchanged. For a 
lightwave transmission system at this short length, it should not require any optical 
amplification. The reason to insert the optical amplifier is to overcome the high 
insertion loss of FPC. The FPC possess an insertion loss of about 22dB, which is an 
extremely high insertion loss making typical optical receiver unable to detect the 
original lOGb/s N R Z data. The high insertion loss of the FPC was due to imperfect 
alignment of free space components along the free space optical path between its two 
fiber collimators. That could be resulted from poor workmanship and loss of 
alignment during transportation from Shenzhen to Hong Kong. In other words, good 
• ‘ workmanship can reduce the insertion loss to a large extent. Based on the 
information from the packaging engineer at O N E T Communications Ltd., it is 
possible to reduce the insertion loss to less than 2dB from their experience. It is why 
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I expect that the normal insertion loss of the FPC is 2 dB at most at the current 
working distance of about 90 m m . 
Without a P M D emulator, the solution to provide an artificial P M D effect in a 
lightwave transmission system is to insert a long polarization maintaining (PM) fiber 
into the optical path of the system [28]. The length of the P M fiber is 30 metres, 
which can provide the system with a fixed P M D of an average differential group 
delay (DGD) of 48 ps. This average D G D is obtained based on an assumption that 
the first-order P M D coefficient is 1.6 ps.km"^  according to the short-fiber regime. 
Assume that the other components have a relatively insignificant P M D , therefore the 
average D G D of the whole transmission system was still about 48 ps. 
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Figure 3-1 Experimental setup for testing the P M D compensation capability of 
FPC 
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3.3 Experimental Results 
The eye diagrams were captured before and after applying P M D 
compensation to the system and without inserting an artificial first-order P M D to the 
system. They are respectively shown in Figure 3-2, Figure 3-3 and Figure 3.4. 
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Figure 3-2 Eye diagram obtained before applying P M D compensation 
(l%rder P M D present) 
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Figure 3-4 No P M fiber present in the system and eye diagram captured before 
optical amplifier (no 1 st-order P M D ) 
Comparing Figure 3-4 with Figure 3-2, the PMD-induced distortion is very obvious. 
Certainly, bit-error-rate is higher with the distortion of P M D . Comparing Figure 3-3 
with Figure 3-2，it is clearly seen that P M D compensation has worked successfully to 
mitigate the original PMD-induced distortion 
The procedure to achieve P M D compensation is manually performed because 
computer control algorithm has not been developed. The first step is to adjust the 
first-stage Faraday rotator to obtain the best eye-opening, followed by tuning the 
second-stage Faraday rotator to further improve eye-opening. The process requires 
reiteration to search for an optimal result. 
‘ In addition to the improvement in eye-diagram, the FPC can provide 2.5 dB 
improvement in BER performance at a bit-error rate of 10'^  using 10 Gb/s 
psuedorandom bit stream) N R Z data channel, as shown in Figure 3-5. This 2.5dB 
improvement agrees with the result reported in other study [1]. 
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Figure 3-5 B E R performance of a 10 Gb/s PRBS) N R Z data channel at 
1548.75 nm before (•)，after (•) applying P M D compensation. 
3.4 Summary 
The first-order P M D compensation capability of Faraday polarization 
controller has been demonstrated successfully because it has been verified 
experimentally to mitigate the distortion resulted from an artificial first-order P M D 
of 48 ps in the system. The artificial first-order P M D was formed by a 30-metre P M 
fiber with a P M D coefficient of 1.6 ps.km''. 
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Chapter 4 
A Scalable Non-intrusive Surveillance Scheme for Long-
Haul WDM Transmission 
4.1 Introduction 
Long haul W D M transmission systems require a large number of erbium-
doped fiber amplifiers (EDFAs) to compensate fiber attenuation and other losses. 
These EDFAs may fail or degrade in performance. Consequently, some kind of 
surveillance schemes for the status monitoring of the EDFAs are needed to guarantee 
the quality of service[34]. Of equal importance is the detection and identification of 
the location of the fiber breaks that may occur. The scheme help to facilitate the fault 
management function of system management by detecting and reporting any faults 
immediately so that appropriate remedial action can be taken immediately to keep 
system downtime and data loss, which are in turn converted to business loss, to a 
minimum. Therefore continuous monitoring and real-time reporting is preferable. On 
the other hand, a non-intrusive approach is necessary because it allows monitoring to 
be performed in-service without interrupting data transmission. 
i ‘ 
This chapter is organized as follows. Section 4.2 describes the various fault 
surveillance methods. Section 4.3 highlights the limited scalability of a previous 
passive and in-service surveillance scheme, and the need for a scalable surveillance 
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scheme. The principle of the proposed surveillance schemes for long-haul W D M 
transmission and the experimental results are presented in section 4.4 and 4.5 
respectively. Section 4.6 summaries this chapter. 
4.2 Various Fault Surveillance Methods 
Numerous fault surveillance methods have been suggested to monitor optical 
fibers, EDFAs and other components in a lightwave transmission system because 
tremendous data loss can be resulted from any in-line components failing or 
degrading in performance, and they can be translated into significant business loss. 
To detect fiber break, optical time domain reflectometers (OTDRs) [35] have 
been in use for a long time. An O T D R launches an optical pulse into a fiber using a 
dedicated laser source, and backscattered light is monitored for abrupt changes 
indicating a fiber break. The distance of the fiber break from the launch end of the 
fiber can be determined from the time interval between the launch and the return of 
the backscattered peak. The pulse width can be varied for different dynamic range or 
resolution requirements. The dynamic range of the O T D R is the amount of loss that 
the launched pulse can incur after a fiber break, and still generate enough 
backscattering or reflection for detection. By increasing the pulse width, a greater 
length of fiber can be monitored. 
Unfortunately, the O T D R encounters a problem in lightwave systems that 
employ optical amplifiers with optical isolators. The isolators prevent backscattered 
light from returning to the O T D R for detection. Therefore, revised O T D R techniques 
have been suggested to overcome this problem. One solution suggests modification 
of EDFAs, incorporating optical circulators to provide a reverse path for the 
backscattered O T D R signal [36]. Another scheme is to use coherent O T D R 
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technique [37], which would not require the EDFA modification. However，it has 
been o bserved t hat the use of s trong m onitoring s ignal i n s ome O T D R techniques 
may deplete the gain and induce transient gain compression in the optical amplifier 
[38]. The evolution of nonlinear effect due to the intense monitoring signal has been 
reported [39]. These undesirable effects impose a severe system penalty. 
A passive surveillance scheme without using O T D R is an attractive 
alternative. Utilizing fiber Bragg gratings (FBGs) and unused amplified spontaneous 
emission (ASE) noise as monitoring source does not require any additional light 
source [40]. The monitoring wavelength equal to the center wavelength of a 
designated FBG is located in the ASE spectrum away from the data wavelengths. 
Therefore, data transmission in data channels is not affected. 
4.3 Limited Scalability of Previous Surveillance Schemes 
Among'the previous surveillance schemes，not many are non-intrusive and 
passive. Some of them require additional light sources to perform monitoring 
function. To reduce cost and to be more fault-tolerant, it is preferable not to add any 
extra active component. In the aforementioned passive scheme, FBGs of designated 
and distinct center wavelengths are inserted at the inputs of all in-line EDFAs to 
reflect the unused ASE. Each FBG reflects both the forward propagating ASE power 
of its preceding amplifier and the backscattered ASE power of its following amplifier 
at its wavelength only as shown in the inset (i) and (ii) of Figure 4-1, The power 
spectrum of the forward propagating ASE shows a narrow dip after the FBG. This 
dip can be replenished perfectly with a reflected spike of the backscattered ASE as 
shown in the inset (iii) of Figure 4-1. The spectral power level at the wavelength of 
any FBG relative to the unused ASE noise power can help system operator diagnose 
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the health statuses of the E D F A and the fiber segment adjacent to the FBG. However, 
the limited A S E spectral range (1529-1566 nm) permits insertion of a limited number 
of in-line FBGs, all having distinct wavelengths, to perform monitoring function, 
therefore it is impossible to monitor too many stages of EDFAs and fiber segments in 
a long-haul transmission system. Obviously, the scalability of these schemes is 
limited. 
L, Li 
(—p-1 m FBG,r\ [Y] FBGjK FBGN\ 
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Figure 4-1 Superposition of A S E powers derived from two EDFAs. 
Therefore, a scalable surveillance scheme which is based on reuse of the 
‘ monitoring wavelengths is proposed and has been demonstrated experimentally in a 
2.5-Gb/s X 4，200-km transmission system. 
4.4 Principle of the Proposed Scheme 
In order to develop a scalable scheme but preserving the passive nature of the 
previous scheme, an idea of reusing the monitoring wavelengths is evolved. It is 
necessary to plan carefully the reuse of equal F B G wavelengths at different points in 
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the entire optical path; otherwise wrong or inaccurate diagnosis may be resulted from 
the A S E powers of different EDFAs superimposing at the same F B G wavelength. 
Correct planning of FBG wavelengths requires a long haul transmission system to be 
divided into N sections as shown in Figure 4-2. Each section (say the z-th section) 
consists of m EDFAs (EDFA,,i to EDFA,》)，m fiber segments (L,’i to L/’讲)，and m 
FBGs (FBG/,1 to FBG ,>) of m distinct wavelengths. All EDFAs are equipped with a 
built-in output optical isolator. There is an additional optical isolator inserted at the 
output of the W D M demultiplexer to eliminate the effect of the backscattered ASE 
from the following section. In each section, an FBG can monitor the health statuses 
of the EDFA and the fiber segment in front of that FBG. Any failure in the EDFA or 
the fiber segment will result in a power surge at the FBG's wavelength. The next step 
of planning the reuse of F B G wavelengths requires the EDFA spectra (1529-1566 
nm) to be divided into three bands. The middle-band has a flat EDFA gain and is 
re served, for data channels. The two side bands, the red-monitoring band (1557-1566 
nm) and the blue-monitoring (1529-1542 nm) band, are used for monitoring. The 
value of m and thus the number of available monitoring channels then depend on the 
spectra width of the red-monitoring and blue-monitoring bands. The wider the 
monitoring bands, the more the number of distinct monitoring channels can be used. 
At the end of each section, a W D M demultiplexer (WDD) is used to extract one of 
the two monitoring bands and the power levels of the monitoring channels are 
detected to provide the monitoring results to the central office. The monitoring bands 
‘ ‘are used alternately in the A^ -sections. The monitoring results will then be forwarded 
to the central office for link restoration and management control. It is worth noting 
that the even-number and odd-number sections need to use the red- and blue-
monitoring alternately. As the ASE of the red (or blue) monitoring band that is 
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removed at the end of section i can be regenerated by the E D F A in section i+l, the 
red (or blue) monitoring band can be reused in section /+2. 
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Figure 4-2 Schematic diagram of the proposed scheme showing the reuse of F B G 
wavelengths of blue- and red-monitoring bands in alternate stages. 
4.5 Experimental Results 
The experimental setup is shown in Figure 4-3. The data channel band is 
1547-1556 nm. The red and blue monitoring bands are 1529-1542 n m and 1557-1566 
nm, respectively. A three-section transmission system is demonstrated 
experimentally. The setup consists of one power E D F A at the transmitter and five in-
. line EDFAs (EDFA i,i, E D F A 1,2, E D F A 2,1，EDFA 2,2, and E D F A 3,1)，five fiber links 
i • 
(Li,i= 23 km, L i ’ 2= 50 km, L2,i= 31 km, L2.2= 50 km, [3,1= 50 km), four FBGs 
providing four monitoring channels at A,i,i= 1536.27 nm,入 1,2 = 1532.74 nm,入2,2 
=1557.55 nm,入3,1 =1531.99 nm, and one W D M demultiplexer (JDS-WD1515RB) 
splitting input spectra into 1547.72-1558.98 nm and 1531.94-1542.94 nm. Note that 
in this experiment we focus on the reuse of monitoring wavelength performed by the 
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two close-wavelength FBGs, FBGi,2 (monitoring EDFAi,i and Li’2 at 入 1,2) and 
FBGs,! (monitoring EDFA2,2 and L3’i at 入3,1) in section 1 and 3, respectively. For 
simplicity, the section 2 monitoring is not shown in this experiment. Four data 
channels at X=1548.71, 1551.41, 1553.48, and 1555.50 n m are modulated at 2.5 
Gbit/s with 2*^ -1 pseudo random bit stream of nonretum-to-zero (NRZ) data format. 
An optical receiver (ORX) with optical pre-amplifier was used to detect the data 
channel at 1548.71nm. 
to the , to the 
fTTldlf"^ Monitor, Mmtofs •-c^^ral 
DFBt | t " • office • 一 office 
bFBjJ?^ L1.1 l-u L2.1 lia L3,I  
M Modulator ^ ^ ^ 
r — ^ FBG” FSGi.2 WDDi FBG^^ FBG3.. (I 
D F B j y ™ Section 1 • H Swtiw 2 Section 3 ’ 
‘ ^ 2.5(3W»dalii 4 rpTi 
K J — ^ ~ B^RT ORX — < p ~ I D ~ 
Attenuator OBPF 
Figure 4-3 Experimental setup. 
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Figure 4-4 Status monitoring of EDFAs 
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The status monitoring of EDFAs was demonstrated in as shown in Figure 4-4. 
W e consider the case of simultaneous partial failure of two EDFAs in two separate 
sections. Comparing the power spectra in Figures 4-5(a) and 4-5(b) with Figures 4-
5(c) and 4-5(d), partial failures of EDFAi’i and EDFA2,2 are respectively detected at 
Monitor 1 and 3 channels located at the W D M demultiplexers as shown. From these 
figures, there are changes of 16.5 dB and 14.0 dB at the monitoring channels 人 1,2 and 
入3,1’ respectively. The high power change at the two similar monitoring wavelengths 
but from two separate sections demonstrates wavelength reuse of the EDFA-status 
monitoring. To compare the performances of the system with and without using the 
scheme, B E R measurements were taken as shown in Figure 4-6，with reference to the 
back-to-back data measurements. Overall, it shows a small 0.6 dB penalty at a bit-
error rate of 10"^  with the monitoring scheme. 
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Figure 4-5 (a) & (b) Power spectra measured at Monitor i and Monitor 3 
operating under normal condition, (c) & (d) for E D F A i’i and E D F A 
2,2 partially failed. 
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Figure 4-6: BER performance of a 2.5 Gb/s (2"^ -! PRBS) N R Z data channel at 
1548.75 nm with (•)，without (〇）the surveillance scheme, and back-
to-back (•) configuration. 
The fault identification of three cases of fiber break is shown in Figure 4-7. 
Power spectra in Figure 4-7 (a) and 4-7 (b) show a 32.0-dB and 3.3-dB power change 
at the monitoring channels A-1,2 and 入3,1 when only the fiber segment Li’2 in section 1 
is broken. The 3.3-dB power change at 入3,1 represents an error signal induced by the 
previous section with fault. The fault of fiber break removes any optical signal input 
from healthy EDFAs of section 3 causing a 3.3-dB rise in ASE level. Anyway, the 
small value compared with the 32 dB is well below the detecting threshold and will 
not be considered as indication of either fiber segment or EDFA at fault. Similarly, 
Figure 4-7 (c) and 4-7 (d) show a 0-dB and 23.6-dB power change at the monitoring 
i . 
channels 入口 and X3J for a fiber fault in the segment L]’!. For the case when both 
fiber segments Li’2 and L3,i are at fault, high power excursion similar to Figure 4-7 (a) 
and 4-7(d) were obtained, demonstrating successful identification of fiber fault in the 
two links. In addition, by correctly choosing threshold level, it is possible to 
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discriminate partial failure of EDFAs from fiber cut as the power change due to fiber 
cut is much higher. 
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Figure 4-1: (a) & (b) Power spectra measured at Monitor i and Monitor 3 for fiber 
break occurring in fiber link Li’2. (c) & (d) fiber break occurring in 
fiber link L3,i. 
4.6 Summary 
W e have proposed and demonstrated a surveillance scheme which is highly 
expandable, non-intrusive, and allows simultaneous identification of fiber break and failure 
of EDFAs. The proposed scheme alternately reuse two monitoring bands that allows FBG 
,wavelengths to be reused cyclically. It makes the system more practical as compared to 
those schemes previously proposed. A successful demonstration has been carried out on a 
200-km 6-EDFA link with 2.5 Gb/s x 4 data rate. The result is satisfactory but it would be 
more convincing if identical FBG wavelength is used for 入i’2 and 入3,1. With the 
replenishment of ASE, monitoring wavelengths can be reused in alternate sections. 
However, we do not have identical F B G wavelength, so we use two F B G 
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wavelengths that are very close to each other. In principle, any wavelength within the 
band can be used for monitoring. Monitoring channels in alternate sections are not 
necessary to be exactly the same provided that the whole monitoring band is reused. 
A high contrast between minimum 14 dB at the monitoring channel from faulty 
section and maximum 3 .3 d B perturbation at the same channel caused b y another section 
with fault was obtained experimentally. Ideally, the 3.3 dB change in power should not 
appear in Monitor 3，however the adverse side effect of no signal input due to fiber break at 
the previous section 1 is unavoidable from appearing in section 3. This small 3.3 dB is 
practically small enough to be differentiated from normal power change associated with 






A recently emerging obstacle to high data-rate and long-haul applications in 
telecommunication has been investigated. It is polarization-mode dispersion (PMD), 
which has drawn a lot of attention because of the demand for a high bit rate beyond 
40Gb/s in the future communication network. M any techniques for mitigation of 
PMD-induced distortion have been reported. The strengths and weaknesses of 
several common techniques have been studied in this thesis. The previous works in 
P M D compensation gives me a burning desire to develop a novel device to mitigate 
signal distortions due to Polarization mode dispersion, especially the first-order type. 
一 With the assistance of O N E T Communication Technology Ltd., the novel FPC for 
using in P M D compensator has been successfully made. The nonlinear 
characteristics of rotation in polarization states of Faraday rotator bring major 
. difficulty to the controllability of the FPC. This issue has to be overcome in order to 
‘ apply the FPC to real-time P M D compensation. It deserves further investigation in a 
separate research study. In addition, further improvement and modification is 
necessary in order to achieve the objectives of small-size, low cost, and quick 
response. The current design of the FPC has already enabled me to produce some 
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satisfactory and encouraging results of basic functional testing and a trial of 
compensating an average D G D of 48 ps. 
Apart from using P M D compensator to reduce system impairments and 
service outage, a performance monitoring scheme is also an important research area, 
especially for handling service outage due to failure of system components. A study 
on reuse of monitoring wavelengths has been conducted. A scalable non-intrusive 
surveillance scheme for W D M transmission has been demonstrated successfully. It is 
expected to apply the expandable scheme to monitoring a very long-haul 
transmission system without ending to insufficient monitoring channels available to 
use. The technique of wavelength reuse is a key feature of the scalable scheme and is 
easily implemented. 
5.2 Future Work 
Because of the wide scope of polarization mode dispersion, I would recommend a 
future study on applying magnetooptic materials, like Faraday rotator, to build a PMD 
emulator. My preliminary design of the emulator is derived from a published report [41]. My 
design will use many short sections of polarization maintaining (PM) fibers spliced together 
at 45 degrees angles but apiece of Faraday rotator is inserted at every splicing junction. 
Small magnetic relay coil can be used to control the polarization state of light that passes 
‘ from one section of PM fiber to another section through a Faraday rotator. The amount of 
i ‘ 
power splitting between the two principal states of polarization in the next section of PM 
fiber can be adjusted at the fiber junction in order to provide a variable differential group 
delay. As there are many short sections of PM fibers in the PMD emulator, it is expected that 
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